From the time of its discovery in 1860 to this day Archaeopteryx has been essential to our understanding of avian evolution. Despite the great diversity of plesiomorphic avialan (sensu Gauthier 1986) taxa discovered within the last decade, Archaeopteryx remains the most basal avialan taxon. A very unusual feature of extant birds is their lung structure, in which air diverticulae penetrate the bones. This has previously been reported in Archaeopteryx as well, in the cervical vertebrae of the Berlin specimen and in an anterior thoracal vertebra of the Eichsta« tt specimen. This indicates the presence of a cervical air sac. We show that the London specimen also has pneumatized anterior thoracal vertebrae, and, thus, that this feature was present in the most archaic avialans, as the London and Eichsta« tt specimens are di¡erent species. Furthermore, the pelvis of the London specimen shows clear signs of the presence of an abdominal air sac, indicating that at least two of the ¢ve air sacs present in modern birds were also present in Archaeopteryx. Evidence of pubic pneumaticity was also found in the same position in some extant ratites.
INTRODUCTION
A highly unusual feature of extant birds is pneumatization of the skeleton by air diverticulae. The lungs of sauropsids are di¡erent from the alveolar lungs of synapsid mammals in being simple, septate lungs (Hildebrand 1974; Ruben et al. 1999) . Extant non-avian reptiles have substantially less capacity for oxygen uptake than mammals and rely mainly on costal breathing, although crocodilians use a diaphragm connected to the liver to assist in ventilation, analogous to the condition in mammals (Carrier 1987; Hildebrand 1974; Ruben et al. 1999) . It has recently been established that displacement of the pubes also play a role in crocodilian respiration (Farmer & Carrier 2000) . Varanids are usually considered capable of increased levels of physical activity in comparison to most other ectothermic reptiles, and this appears to be due to their employment of a gular pump, directly assisting in lung ventilation (Owerkowicz et al. 1999) .
In birds, the septate lungs have become highly modi¢ed and a total of nine air sacs are connected to the lungs. These are an unpaired clavicular air sac and paired cervical, cranial thoracal, caudal thoracal and abdominal air sacs (King 1966 (King , 1979 Salt & Zeuthen 1960) . A very unusual feature of birds is their pneumatized skeletons. Many bones of the bird skull are extensively pneumatized, but this takes place from air diverticulae that originate in the nasal region and are unconnected with the lungs proper (Bellairs & Jenkin 1960; Schepelmann 1990; Witmer 1990 Witmer , 1997a .
Postcranial pneumatization is the process in which diverticulae from the air sacs resorb bony tissue, thus invading the bone (Baer 1896; Bellairs & Jenkin 1960; King 1957 King , 1966 King , 1979 Witmer 1990) . Pneumatization produces either distinct external fossae or internal trabeculated cavities within the bone that communicate with the exterior through one or more pneumatic foramina. The presence of pneumatic fossae and/or foramina is the most common osteological indication of the presence of pneumatic bones (Witmer 1990 ) and is obviously an important character for identi¢cation of pneumatization in fossil taxa. Although the degree of intraspeci¢c pneumatization varies greatly, pneumatized bones can be found throughout the entire skeleton (Bellairs & Jenkin 1960; King 1957; Schepelmann 1990 ) and individual variation is also present (Hogg 1984a,b; King 1957) .
The cervical air sacs are frequently rather small and the diverticula vertebralia usually pneumatize the cervical and thoracal vertebrae (King 1966 (King , 1979 Salt & Zeuthen 1960) . The diverticula interthoracica of the unpaired clavicular air sac invades, among others, the humerus. The two paired thoracal air sacs do not usually pneumatize bones (King 1966 (King , 1979 Salt & Zeuthen 1960) and thus their presence would be virtually impossible to recognize in fossils. The abdominal air sacs are the largest and pneumatize the posterior dorsal vertebrae, the pelvis and frequently also the pelvic limb.
PNEUMATIZATION IN ARCHAEOPTERYX
Despite previous claims that the skeleton of Archaeopteryx was apneumatic (De Beer 1954; Swinton 1960; Vogt 1890) , pneumatic foramina have been identi¢ed in the cervical vertebrae of the Berlin specimen and in a thoracal vertebra of the Eichsta« tt specimen (Britt et al. 1998) . As the diverticularia vertebralia are responsible for pneumatization of the cervical and anterior thoracal vertebrae in extant birds, this strongly suggests the presence of a cervical air sac in Archaeopteryx. The Eichsta« tt specimen further has a probable pneumatopore in a dorsal rib (Britt et al. 1998 ), but in the otherwise well-preserved Berlin specimen the rib heads are crushed, preventing identi¢cation of pneumatopores.
The vertebral column of the holotype (London specimen) of Archaeopteryx lithographica is considerably less well preserved than that of the Berlin specimen, but in the London specimen there is also distinct evidence of axial skeletal pneumaticity. The preservation of the London specimen is such that none of the cervical vertebrae are preserved, apart from one possible cervical centrum on the counterslab, exposed from the ventral face (De Beer 1954) . All thoracic and posterior dorsal vertebrae are present in articulation. The anterior thoracic vertebrae expose the right faces of the neural arches and the dorsal faces of the transverse processes, thus obscuring from view the lateral faces of the centra and making veri¢cation of pneumatic foramina impossible. Among extant birds, pneumatic bones are easily recognized and simple visual inspection of bone surfaces is as reliable as any other method for determining pneumatization (Hogg 1980) .
The anterior-most two vertebrae are, however, clearly twisted about their long axes compared to the rest of the vertebral column. Traditionally, their vertebral apophyses have been interpreted as the neural arches (De Beer 1954) but we challenge this interpretation. Had these apophyses been neural arches, this would imply the absence of transverse processes. Rather, the apophyses represent the weathered transverse processes and the two vertebrae thus expose the lateral faces of their centra. On the centrum of the second thoracic vertebra is a shallow depression in which two foramina are present just ventral to the anterior part of the transverse process (¢gure 1). The posterior foramen is much the largest (ca. 0.9 mm), resulting in a centrum:foramen ratio of 6.8, much larger than a normal nutrient foramen (Britt et al. 1998) . The small anterior foramen could be a pneumatic pore, or, alternatively, a vascular foramen. The anterior-most vertebra bears two lateral foramina in the same position as the second vertebra. Both are small and could be vascular foramina. It is likely, however, that at least the posterior foramen is homonymous with the much larger foramen on the second vertebra. It seems likely that more foramina could have been detected had the succeeding vertebrae been exposed laterally as well.
The observation of an anterior thoracic vertebra being pneumatic in the Eichsta« tt specimen (Britt et al. 1998 ) is thus con¢rmed for the London Archaeopteryx also. This is important as the Eichsta« tt specimen, the smallest specimen known, probably represents a separate taxon from A. lithographica, at least at species, and possibly generic, level (Bonde 1996; Howgate 1984 Howgate , 1985 Mayr 1973; Stephan 1987) . Therefore, the veri¢cation of pneumatic anterior thoracic vertebrae in the London Archaeopteryx corroborates the suggestion that this feature was widespread among the earliest avialans, as it is displayed in all specimens in which this region is properly preserved.
As opposed to the other known specimens, the pubes of the London Archaeopteryx are disarticulated from the ilia, exposing the posterodorsal face of the left pubis along its entire length. Proximally on the left pubis, adjacent to the acetabular portion, is a 2 mm wide, craniocaudally ellipsoid fossa (¢gure 2). The fossa is deep with smooth sides and extends around 2 mm anterodorsally into the acetabular portion. This probably represents the original condition, although a small piece of calcite is present in the ventral part of the fossa, precluding the veri¢cation of a pneumatic canal into the pubic shaft. Preparation has slightly damaged the terminal end of the fossa, but the bone wall is clearly visible and, thus, the fossa did not penetrate the pubis (contra De Beer 1954; Petronievics 1921). Traditionally, this fossa has been interpreted as an obturator foramen (De Beer 1954; Heilmann 1926; Petronievics 1921; Wellnhofer 1974) , but this cannot be. The obturator foramen in birds is the space between the proximal, unfused parts of the pubis and the ischium, caudoventral to the acetabulum, through which pass nerves (nervus obturatorius of the lumbosacral plexus) and tendons (tendon for the obturatorius medialis muscle) (Baumel 1979; Bellairs & Jenkin 1960; Breazile & Yasuda 1979; Levin 1926; Vanden Berge 1979) . The fossa on the pubis of the London Archaeopteryx is clearly an excavation into the bone and bears a strong resemblance to a pneumatic fossa.
Among extant Aves the diverticula perirenalia of the abdominal air sac invades the pelvic and synsacral regions (Baer 1896; Bellairs & Jenkin 1960; Hogg 1984a; King 1966 King , 1979 Schepelmann 1990 ), but in all studied neognath birds the pubic shafts app ear unpneumatized, albeit frequently hollow. Pubic pneumatization in most neognaths is probably precluded by the marked reduction of the pubic shaft. Conversely, despite the presence of iliadic pneumaticity, there is no pubic or ischiadic pneumaticity in the domestic fowl (Hogg 1984a,b; King 1957) , which remains one of the few species in which pneumatization has been extensively studied. The pubic shafts of Archaeopteryx and ratites, however, are proportionally more sturdy than the derived and reduced pubes of neognaths.
The fossa in the left pubis of Archaeopteryx bears a resemblance to an ellipsoid foramen located proximomedially on the pubes of Struthio (¢gure 3a), which has previously been mentioned in the literature (Boas 1933) but not recognized as a pneumatopore. The pectinal process of tinamous, e.g. the red-winged tinamou (Rhynchotus rufescens, ¢gure 3b), also bears distinct pneumatic foramina. The £ightless ratites have rather well-pneumatized skeletons (Bellairs & Jenkin 1960) and pneumatization is more developed in tinamous.
The abdominal air sac in ratites is usually somewhat reduced in comparison to many neognaths (King 1966) , and is proportionally largest in Struthio. The foramen in the pubis of Struthio leads into an elongate, tapering canal, ellipsoid in cross-section, which extends more than halfway down the pubic shaft, as revealed by radiological examination and sectioning of a pelvis. This undoubtedly represents pneumatization of the pubis. Radiological examination further reveals that Rhea and Dromaius also have hollow pubes, whereas Casuarius does not. Apart from Struthio, the ground birds have no pubic foramen, but pneumatization frequently takes place via other bones as well (Witmer 1990 ). Thus, pubic pneumatization cannot be ruled out in these taxa, but at present this is unveri¢ed. All four taxa have hollow ischia, and in Dromaius there are medial pneumatic foramina on the medial face of the ischium, adjacent to the acetabulum (Boas 1933) . The very slender pubis of Rhynchotus is not hollow and it appears that only the anterior part is pneumatized.
DISCUSSION
The arguments in ½ 2 indicate that the most plesiomorphic avialan mixotaxon (Bonde 1996) , Archaeopteryx, had already developed at least two of the ¢ve air sacs that are present in most extant birds. The presence of pneumatic foramina in the proximal cervical and anterior dorsal vertebrae strongly indicate the presence of cervical air sacs, and the pneumatic fossa on the pubis indicates the presence of abdominal air sacs as well, despite recent claims of unpneumatized non-axial bones in Archaeopteryx (Britt 1997) . It is possible that its air-sac system was developed almost to the level of modern birds, particularly as the thoracal air sacs would probably not be detectable in a fossil. This is further corroborated by the fact that advanced theropod dinosaurs, such as dromaeosaurs, the group most frequently considered the sister group of birds (Chiappe 1995; Padian & Chiappe 1998) , and tyrannosaurs, have vertebral pneumatic foramina on all presacral vertebrae. Oviraptorosaurs have pneumatization of the synsacral and proximal caudal vertebrae (Britt et al. 1998) , indicating the possible presence of abdominal air sacs. Thus, osteological signs of abdominal air sacs could well be expected in Archaeopteryx as well. Postcranial pneumaticity among theropod dinosaurs, however, is at present not su¤ciently well understood to allow suggestions of a likely time of origin for the various air sacs.
It has previously been claimed that Archaeopteryx possessed simple, bellows-like lungs (Ruben et al. 1997 (Ruben et al. , 1999 . Theropod dinosaurs were also thought to have possessed such bellows-like lungs and, in addition, a diaphragmatic separation of the body cavity into an anterior pleuropericardial cavity and a posterior peritoneal cavity, as in extant crocodilians and mammals (Ruben et al. 1997 (Ruben et al. , 1999 . Based on the great deal of osteological evidence for bone pneumatization in theropods and sauropods (e.g. Alcober et al. 1998; Britt 1993 Britt , 1997 Britt et al. 1998; Janensch 1947; McIntosh 1990; Owen 1856; Wilson 1999; Witmer 1995 Witmer , 1997a , it is clear, however, that this claim is unsubstantiated. Furthermore, a previous report (Britt et al. 1998 ) and the evidence presented here clearly indicate that the most basal avialans (Archaeopteryx spp.) had evolved not only a bird-like, £ow-through septate lung, but also at least two of the ¢ve air-sac systems present in crown-group Aves.
Rather than rely on osteological evidence, Ruben et al. (1997 Ruben et al. ( , 1999 based their conclusions on more dubious interpretations of soft-tissue preservation in two theropods and did not discuss the great volume of contradictory osteological evidence. In one case (Ruben et al. 1999) , the alleged identi¢cation of a crocodile-like, hepatic diaphragm in the basal coelurosaurian theropod Sinosauropteryx was not even based on a study of the fossil, but merely on examinations of photographs. In reality, the purported diaphragm is merely a longitudinal fracture in the slab, resulting in the breaking away of a piece of matrix (P. J. Currie, personal communication). The fossil shows no sign of a diaphragm. It is thus clear that the apomorphic lung structure of extant birds predates the origin of birds and was present in their theropod ancestors as well. Additionally, Archaeopteryx spp. were more bird-like in this respect than is usually assumed, clearly having more than one of the air sacs.
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